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Abstract 
The thesis consists of two parts. In the first part, we report on the development of Ar-Xe plasma 
in a SU-8 based microchannel structure which is suitable for on-chip gain medium for near-IR 
lasing at 823 nm wavelength. SU-8 microchannels with length varying from 1 cm to 5 cm and 
cross-section area of 100×100 µm were fabricated on silicon wafer using cleanroom fabrication 
technique. Microchannels were bounded by two up and down Au electrodes facing each other 
and a dielectric barrier discharge (DBD) structure was deployed for Ar-Xe plasma discharge.  
Stable plasma discharge was obtained from the device with Ar, Ne, Ar-Xe, He gases at voltages 
consistently below 1200 V. An intensified charge couple device (ICCD) was used to study the 
emission beam profile at the end of the microchannel. The spectrum of the emission on the 
channel end was taken to analyze the targeted wavelength 823 nm. Our study shows that the 
emission intensity at 823 nm wavelength increases exponentially at voltages higher than 700 V 
with 800 Torr and 4.5% Ar-Xe gas mixture. We still lack proof, but the amplified spontaneous 
emission (ASE) we tested on our Ar-Xe microchannel plasma device could potentially enable an 
on-chip near-IR to IR laser source, which would be very useful in future applications. 
In the second part of this thesis, we report on our study of the microplasma propagation 
phenomenon in our microchannel-cavity array device. We carried out multiple experiments to 
test different factors which affect microplasma propagation speed and pattern. Our tests 
showed that device geometry, nearby plasma condition, and injected power are three main 
factors influencing the propagation pattern and speed. With consideration of the above factors, 
we designed a microcavity-channel structure which can be used to control plasma discharge 
location by manipulating the nearby conditions. Our ICCD images show that the center plasma 
spot was moved successfully according to our ignition of the plasma in the nearby cavities. This 
result indicates a potential method to control plasma propagation in the future.  
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1. Introduction 
Microplasma has gained much attention from both academia and industry for its numerous 
potential applications in the fields of medicine, optics, and environmental science and 
engineering. Microplasma generally refers to the plasma generated by a pulsed voltage or laser 
in small dimensions ranging from ~10 µm to ~1000 µm. By varying the gas species, voltage and 
cavity structure design, one can manipulate the characteristics of microplasma. With relatively 
low energy consumption, microplasma has been used in plasma displays, illumination, ozone 
generation, sensors, and compound chemical destruction. Our research group in the Laboratory 
for Optical Physics and Engineering (LOPE) has demonstrated a number of researches focusing 
on microplasma physics and applications in the above fields. The two projects discussed in this 
thesis are both related to microplasma but with different focuses.  
In the first Ar-Xe plasma laser project, we tried to build a reliable platform to achieve an on-chip 
Ar-Xe plasma laser. Xe laser has been studied for more than 40 years for its theoretically high 
power output in the infrared wavelength. However, all of the systems reported before have 
large volume which is not suitable for on-chip applications, especially opto-communication. 
Developing a reliable on-chip source for a Xe laser could be an attractive topic for researchers in 
many fields. Since microplasma technology can provide a wide range of electron temperature 
and density, an on-chip Ar-Xe microplasma optical system could be a good candidate for on-
chip Ar-Xe plasma laser development. 
In the second microplasma propagation project, we studied the mechanism of microplasma 
propagation by analyzing the propagation characteristics in a microchannel-cavity device. 
Microplasma propagation has been demonstrated on channel and cavity structures; however, 
different theories were developed to explain the propagation mechanism. We want to view it 
from a different perspective: by studying microplasma propagation in a structure combining 
channel and cavity together, we want to leverage the theories for each structure and provide a 
more comprehensive theory for this phenomenon. 
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2. Ar-Xe Plasma Laser Project 
In this chapter, the Ar-Xe plasma laser project will be discussed. The initiative of this project is to 
develop an on-chip Xe laser source with high energy efficiency for various applications. Although our 
ultimate goal is to develop a Xe laser at 1.73 µm, the wavelength of interest for this project is 823 nm 
which corresponds to the state transition from Xe 6p to Xe 6s. The 823 nm wavelength of the transition 
from Xe 6p to Xe 6s is the successive energy level transition of the 1.73 µm from Xe 5d to Xe 6p. The 
plan is to achieve the 823 nm lasing first and then shift our focus to infrared 1.73 µm. In this chapter, the 
design and fabrication of the on-chip microchannel device is discussed. The electrical and optical 
characteristics of the Ar-Xe plasma in microchannel are presented and analyzed. Some preliminary data 
will be discussed. However the detailed explanation of Xe excitation on this device is still unclear and 
requires more work in the future. 
2.1 Theoretical Background 
An Ar-Xe laser with principal lasing transition from 5d to 6p at 1.73 µm wavelength has been 
intensively studied since the 1980s for its potential application in high-power laser systems 
[1],[2]. The atomic Xe laser is able to achieve high power efficiency (<5%) with a wide range of 
pumping rates.  Inert gases such as Ar and Ne have been used as Penning gases to assist the 
power injection into Xe2 dimer and buffer the Xe discharge. The total pressure of the buffer 
inert gas and Xe gas can range from 2 Torr [3] to 14 atm [4]. Different pumping methods have 
been demonstrated such as fast electron beam pumping [5], electric discharge with external 
preionization [6], and microwave discharge [7]. 
Most of the studies of Ar-Xe plasma laser have been focused on the six infrared transitions from 
5d to 6p which correspond to six wavelengths between 1.73 µm and 3.75 µm. Figure 2.1, 
adapted from the report of Ar-Xe gas laser by Apruzese et al. [8], shows the main reaction 
kinetics of the Ar-Xe laser. The Ar-Xe gas mixture is ionized by pulse voltage or electron beam. 
The plasma is partially ionized with ionization rate less than 1%. The 3-body heavy particle 
reactions of Ar and Xe ions with neutral atoms ultimately produce ArXe+ and Xe2
+. Dissociative 
attachment with one or both of these ions produces atomic Xe ions which quickly decay to a 
lower energy level and emit photons. Research shows that compared with electron excitation 
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of Xe+ from 6s to 5d, the dissociative attachment of ArXe+ provides more  Xe+ in the excited 
state [8]. 
After successful demonstration of the Ar-Xe laser system in the 1970s [9], [10], electric 
discharge based systems were developed with output energy from a fraction of 1 mJ to tens of 
mJ and efficiency from 0.01% to 1%. The repetitive pulse rate ranges from ~25 Hz to 10 kHz. 
The average radiation power reached 10 W.  
2.2 Experimental Arrangement and Data Acquisition 
This section describes in detail the design and fabrication of a microchannel device for the Ar-
Xe microplasma laser as well as the data acquisition system layout. In section 2.2.1, the design 
principles of the microplasma device will be discussed. A detailed cleanroom processing 
procedure will be provided to fabricate a precise microchannel array on a silicon wafer. Several 
advantages have been revealed with this design and the prospect of future development of this 
technique will be discussed. In section 2.2.2, the fabrication process of the proposed device will 
be discussed in detail. The photographs of two versions of the devices will also be presented. 
2.2.1 Microchannel Device Design 
The ultimate goal of the device design in our project is to precisely fabricate a microchannel 
structure for plasma generation compatible with optical study. There are three main challenges 
here. First, the microchannel structure and the electrode should be robust enough to endure 
high voltage as well as plasma etching. The etching effect of plasma and the high electrical field 
within the electrode can cause electrical arcing, which greatly shortens device life. To avoid this 
problem, a material with high electrical resistance and conformal edge should be deployed to 
reduce the impact of electrical arcing on the electrode. We chose SU-8 negative epoxy 
photoresist to fabricate the main body of our device. SU-8 can provide not only good electrical 
insulation but also high transmission efficiency for the wavelength of interest. By using SU-8,  
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Figure 2.1 Schematic of the key elements of the state transitions in Ar-Xe plasma [8].
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we can monitor the plasma propagation within the microchannel at different angles, thus 
providing more valuable information for study. Because of the nature of photoresist, SU-8 
allows us to pattern it easily with high precision by photolithography. The second challenge is 
the compatibility of our device with the vacuum chamber. To generate rare gas plasma in the 
channel, the device should be vacuumed first and then filled with high-purity rare gas. The 
device should be insulated and connected to a vacuum chamber. At the beginning of our 
experiment, we placed our device directly into the vacuum chamber with a rubber-ring-
insulated observation window, and later we sealed the device with a polymer tube and 
connected it to a vacuum pipeline. The third challenge is to decide the device geometry suitable 
for efficient plasma generation. If the device has rough edges, electrical arcing will occur and 
destroy the electrode. If the plasma generation area is too small, it would be hard to generate 
plasma efficiently according to the Paschen curve. On the other hand, if the plasma generation 
area is too large, because of the limited power supply, the current might go up so high that our 
circuit fails at high voltage. The specific dimensions were determined after the examination of 
several prototypes.  
In the experiment, the cross-section schematic of the microchannel device is shown in Figure 
2.2. The bottom silicon substrate with <100> crystal substrate was thermally dry oxidized with a 
500 nm thick SiO2 layer for electrical insulation. A 200 nm Au layer was patterned as the 
bottom electrode. The thickness was carefully tested in the preliminary tests to ensure good 
electrical conductivity and stability during plasma discharge. Then the 500 nm SiNx layer was 
coated on top to construct a DBD structure. The side wall was made of SU-8 and the wall height 
can be easily modified by changing the spin-coating speed of SU-8 during the deposition. Then 
the wafer was taken out of cleanroom and diced. The top glass was fabricated separately in the 
cleanroom by a similar process and bonded with the silicon wafer parts with Torr Seal to ensure 
the vacuum condition. The width and length of the device vary according to the mask design. In 
the early stage of the experiment, the microchannels were exposed to the environment within 
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the vacuum chamber. In the later stage of the experiment, the microchannel device was sealed 
within a 20 µm glass slide so it could be taken out of the vacuum chamber. 
To better understand the fabrication process, figure 2.3a shows the CAD file of the masks we 
used during cleanroom fabrication. There are two masks used during our cleanroom fabrication 
process and each of them is denoted as one layer in the CAD file. The white lines show the Au 
electrode pattern layer where the area within the white line should be filled with Au film and 
the rest should be blank. The red line denotes the SU-8 wall where the area within the red line 
should be filled with SU-8 deposited layer. Figure 2.3b is the enlarged picture of the Au 
electrode pattern for one device. The microchannels are connected by a common electrode on 
the left where the high voltage is supplied. Figure 2.3c shows the SU-8 walls that separate 
microchannels. The walls on the two sides of the device are much thicker than the channel 
walls so that the channel plasma discharge is not influenced by the minor plasma discharge 
outside. The common electrode area has greater volume-to-surface ratio, thus resulting in a 
lower breakdown voltage. So at the beginning of a very high voltage pulse, plasma discharge 
starts from the common electrode area and then propagates into the channels until they are 
filled. This design helps to stabilize the plasma discharge within the channel. In Figure 2.3a, the 
layout of devices on one silicon wafer is shown. Devices with different lengths and widths are 
fabricated in each fabrication cycle. Throughout the project, multiple masks have been 
designed to test the Ar-Xe plasma microchannel emission profile with different dimensions.  
2.2.2 Microchannel Device Fabrication Process 
The fabrication process of the microchannel device can be divided into three parts: fabrication 
of the bottom silicon substrate, fabrication of the top glass slide, and bonding and wiring of the 
final device. The first two fabrication processes require a cleanroom fabrication technique. The 
bonding and wiring process was done in the normal wet room.  
Figure 2.4 shows the fabrication process of the bottom silicon substrate. A 500 µm silicon wafer 
with <100> crystal orientation was purchased from University Wafer. The wafer was dry- 
oxidized in a Lindberg/Tempress Model 8500 furnace with pure O2  flow at 1150 °C
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Figure 2.2 Cross-section view of the device. 
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Figure 2.3 Masks for the microchannel device fabrication. (a) Overall picture, (b) mask of Au electrode for one die, (c) mask of SU-8 
wall for the same die.
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for 9 hours (Figure 2.4a). The dry-oxidation ensures a finely grown dense SiO2 layer which has 
better performance in electric insulation than the porous SiO2 layer grown by wet oxidation. 
The final thickness of the oxidation layer was measured to be 500 nm by profilometer. Then the 
oxidized wafer was spin-coated with AZ5214 image-reversal photoresist as the sacrificial layer 
for Au lift-off. The spin condition was 5000 rpm for 60 s and the thickness was about 1.25 µm 
(Figure 2.4b). The reason to use AZ5214 is that when it is used as a negative photoresist, a 
negative edge slope angle is created after developing, which is perfect for the later liftoff 
process. The coated wafer was prebaked at 110 °C for 50 s and then aligned and exposed by 
EVG 620 i-line mask aligner (Figure 2.4c). After the exposure, the wafer was developed directly 
in undiluted MIF 300 developer. Before the Au evaporation, the wafer was treated with O2 
plasma for surface cleaning and to expose the dangling bond on the surface (Figure 2.4d). It was 
immediately transferred to CHA SEC-600 e-beam evaporator for electrode metal coating. To 
ensure good adhesion between Au and substrate, 25 nm Ti was evaporated first. Then 200 nm 
Au and another 25 nm Ti were evaporated also by e-beam (Figure 2.4e). After the evaporation, 
acetone was used to strip the AZ5214 sacrificial layer and the gold electrode pattern should 
appear just the same as our mask layer 1 shown in (Figure 2.2b). On the substrate was then 
deposited a 500 nm SiNx layer by PlasmaLab plasma-enhanced chemical vapor deposition as 
shown in Figure 2.4f. Since SiNx has very low adhesion coefficient to the SU-8 layer, the 
substrate then went through a process of photolithography, SiNx etching, and photoresist 
stripping to etch the trench for the later SU-8 wall. We found that this method can effectively 
increase the adhesion of SU-8 and avoid the SU-8 wall clamping on the SiNx surface. SU-8 was 
then spin-coated on the substrate and after soft bake, exposure, post bake, and developing, SU-
8 walls were deposited on the trench area defined by SiNx (Figure 2.4h and 2.4i). The bake 
temperature, time, and exposure intensity vary according to the thickness specification of 
different devices.  
The fabrication of the top electrode on the glass slide is similar to the process for the bottom 
substrate. However, instead of using AZ5214 photoresist to do liftoff for the Au electrode, we 
used Kapton tape to define the electrode area. Since we modified our top electrode design 
during the project, we found it is convenient to manually cut Kapton tape to cover the 
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unwanted area and use it as the mask for liftoff. Once the Kapton tape mask was manually 
fabricated, we used the same e-beam evaporation process for the Ti/Au/Ti electrode and 
deposited a 500 nm SiNx dielectric layer afterward. The electrode length on the top glass slide 
was designed to be shorter than the electrode length on the bottom substrate to reduce 
electrical arcing from the common electrode to the edge of the top electrode. 
Once the substrate and top electrode are ready, we assemble the two parts in a wet room. 
Silver paste was heated to 80 °C to bond the wire with the electrodes to two parts. The top 
glass slide was bonded with the bottom substrate with Torr Seal covered at the two edges and 
common electrode area. The Torr Seal was carefully smeared so that the vacuum could be 
maintained within the channel. A polymer tube was carefully bonded to the slit between the 
glass slide and substrate to provide rare gas from the vacuum chamber to the microchannel. A 
thick layer of Torr Seal covered the common electrode area to reduce arcing from the high 
voltage area to the nearby wires, enhancing both safety and device lifetime. The final cross-
section view of the device is shown in Figure 2.4j. 
At the early stage of the experiment, the device worked inside of a vacuum chamber, the front 
end of the device was open to the environment and no polymer tube was needed for rare gas 
feed-in. Figure 2.5a shows a microchannel device with 500 µm width and 5 cm length. The top 
electrode is transparent ITO glass instead of a glass slide Au electrode so that we can monitor 
plasma discharge and propagation within the microchannel. An ICCD was used for the optical 
data acquisition. The Ar-Xe plasma discharge characteristic was studied with the help of this 
device design. On analyzing the data, we further revised our device design and finally came up 
with the centipede-like device shown in Figure 2.5b, which was designed for out-of-chamber 
use where we need the polymer tube to connect the microchannel with the gas feed from the 
vacuum chamber. The top Au electrode was divided into four electrodes, each 1 cm long, 
covering one part of the bottom electrode. The idea was to control each top electrode 
individually to test the influence of plasma channel length on the emission intensity at the end 
of the channel. Also, a 20 µm glass slide was used both to seal the end of the device and to 
provide an optical window for plasma emission beam transmission. 
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Figure 2.4 Fabrication process flow of the microchannel device. 
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Figure 2.5 (a) Photograph of the in-chamber device, (b) photograph of the out-of-chamber 
device. 
  
(a) 
(b) 
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2.3 Experimental Results and Analysis 
The experimental results discussed in this chapter start with I-V characteristics of the Ar-Xe 
plasma discharge in this device. Then we focus on the emission beam profile through the end of 
the microchannel. Uniform and stable beam photon emission with Gaussian distribution in its 
intensity has been observed. ICCD-captured time-integrated pictures and time-differential 
pictures will be shown. A spectrum around 823 nm was taken using an Ocean Optics 
spectrometer. Our study shows that a 5% Xe component in an 800 Torr Ar-Xe gas mixture 
delivers the highest intensity at 823 nm with our device. Also we observed that Xe 823 nm 
wavelength intensity gradually takes over the 828 nm wavelength intensity, which implies the 
possibility of amplified spontaneous emission (ASE). 
2.3.1 Electrical Characteristics 
The discharge current was measured by Pearson probe cascaded to the ground. With the high 
pulse voltage applied on the common electrode and top electrode grounded, the I-V curve of 
the plasma discharge was measured. All of the measurements were taken with 20 kHz, bipolar 
pulse voltage generated by the custom designed voltage generator introduced before. First we 
measured the displacement current with voltage lower than the discharge voltage (100 – 400 V 
in Figure 2.6). The displacement current increased with voltages lower than discharge voltage. 
Once the voltage increased and discharge began, the measured current was the sum of the 
displacement current and discharge current as shown in Figure 2.6 at 410 V. Figure 2.7 shows 
the I-V (discharge current vs. voltage) curve for the 1 cm microchannel device with 100×100 µm 
cross-section area in 800 Torr Ar-Xe gas mixture. The breakdown voltage was 650 V. A linear fit 
was applied to the plot. It turns out that within the voltage from 650 V to 730 V, the discharge 
current increases almost linearly with the voltage. For voltage higher than 730 V, because of the 
limit of our electrical power supply, the high current always causes failure of the power supply 
so we could not test higher voltage. I-V curve of the device in different gas pressures were also 
taken and they all appeared similar to Figure 2.7. If the gas pressure is lowered to 100 Torr, the 
upper limit of the testing voltage could increase to 1100 V with the exact same device. 
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Figure 2.6 Current vs. voltage characteristics of the device operating in 800 Torr 2% Ar-Xe gas mixture.
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Figure 2.7 Discharge current of the device operating in 800 Torr 2% Ar-Xe gas mixture.
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2.3.2 Optical Characteristics 
The experimental results shown in this chapter were acquired from the same microchannel 
device with Ar-Xe gas mixture fed through a pipe from a vacuum chamber. The microchannel 
has cross-sectional area of 100 µm × 100 µm with length of 1 cm. The microchannels were 
fabricated 500 µm apart from each other. The device was designed to be tested outside of the 
vacuum chamber, so a 20 µm thick glass slide transparent to 823 nm wavelength was sealed at 
the end of the microchannels. The 20 kHz bipolar pulse high voltage was applied on the 
common electrode and the top electrode was grounded.  
Figure 2.8a shows the far-field time-integrated image of the beam emission profile of plasma 
discharge in microchannel. The experimental condition was 800 Torr Ar-Xe gas mixture with Xe 
percentage of 4.5% at 610 V bipolar pulse voltage. The discharge was stable and consistent over 
time. From Figure 2.8a we can also see that a small amount of light is transmitted through the 
top glass slide. Plasma discharge occurred in every microchannel with different intensities. The 
cause of the intensity variance over different microchannels is unclear, but we found that as the 
fabrication process got more refined, the beam intensity over different channels became less 
variant. The beam profile in the left four microchannels is enlarged as shown in Figure 2.8b. The 
beam intensity variance was measured to be less than 5%. Figure 2.8c shows the 3-D plot of the 
leftmost beam emission spot. The intensity curve can be fitted with Gaussian distribution. 
Figure 2.9a shows the time-differential images of the plasma emission profile in the left 5 
microchannels with 800 Torr Ar-Xe gas mixture with Xe percentage of 2% at 550 V bipolar pulse 
voltage. The corresponding timeline is shown in Figure 2.9b. Six images depicting the beam 
profile at 6 different times are labeled from 1 to 6 on the left of Figure 2.9a. The arrows labeled 
1 to 6 in the timeline correspond to the 6 images. Time 0 denotes the moment when the 
voltage starts to rise. The rising time of the voltage was 200 ns and the voltage remained 
constant for 50 µs. The blue box on the timeline denotes the total discharge time. After the end 
of the blue box, no light was emitted from the microchannels. The discharge lasts around 200 
ns, which is in line with observations of plasma discharge for the same device at other voltages.  
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The enlarged time-differential pictures of one of the microchannels are shown in Figure 2.10. 
The microplasma intensity peaked in ~50 ns, a relatively short time compared with its long 
decaying time ~130 ns. The emission profile shows Gaussian distribution throughout the 
discharge process where the center intensity is the highest and it decays as the distance 
increases. This phenomenon is particularly important for the Ar-Xe plasma laser application for 
two reasons. First, since the emission profile always has highest intensity in the center area, the 
photon resonance in the center of the microchannel could potentially deliver high gain if two 
reflective mirrors were mounted on the two ends. Throughout the whole discharge process a 
Gaussian beam profile is exhibited, which is a good sign for its laser application. Second, since 
plasma has refractive index higher than the undischarged gas and the high intensity indicates 
high plasma density in the center of the microchannel, the refractive index in the center axis of 
microchannel should be higher than the refractive index around the channel wall. This 
difference of refractive index could be regarded as a convex lens. The light emitted in the Ar-Xe 
plasma can be focused along the center axis throughout the microchannel. The emission beam 
can also be called “self-guided wave”. These two characteristics help the emission beam to 
reach a higher gain throughout the Ar-Xe plasma microchannel. 
The ICCD images shown in Figure 2.8, Figure 2.9, and Figure 2.10 indicate that stable Ar-Xe 
plasma can be achieved in the device and the emission profile for each beam shows good 
characteristics for our laser application. Then we use an Ocean Optics Spectrometer to study 
the 823 nm wavelength emission of Ar-Xe plasma in the device. 
The first step of our experiment was to determine the pressure and Xe percentage for the Ar-Xe 
gas mixture. Since our vacuum chamber and pressure gauges cannot go up to several atm 
safely, 800 Torr gas pressure became the pressure of interest for our experiment for now. We 
measured the spectral data for the beam emission from the end of the microchannel in 800 
Torr Ar-Xe gas mixtures with Xe component from 2% to 10 % at 550 V. The spectral data from 
740 nm to 890 nm is shown in Figure 2.11 where the six tested mixtures are denoted by 
different colors. The blue arrows indicate 823 nm and 828 nm wavelength which are both 
emitted by Xe. The other peaks were all identified to be emitted by Ar. Figure 2.12 shows an 
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enlarged picture of the emission spectra from 820 nm and 835 nm. The 826.40 nm peak is 
caused by Ar plasma emission. With increasing Xe percentage, the Ar 826.40 nm peak continues 
to decrease, whereas Xe 823 nm and 828 nm increase significantly. Energy is transferred from 
Ar lines to Xe lines.  
Figure 2.13 shows the 823 nm and 828 nm wavelength intensity vs. Xe percentage in 800 Torr 
Ar-Xe gas mixture at 550 V. Since the applied voltage is fixed, the intensity of these two lines 
indicates the energy transfer efficiency. According to the plot, 4.5% to 6% Xe delivers the 
highest intensity at the two wavelengths of interest. With higher Xe percentage, the lower 
percentage of Ar provides fewer Ar atoms in excited state, which leads to less three-body 
reaction and fewer Xe2 dimers. Therefore, Xe component ranging from 4.5% to 6% becomes the 
mixture of interest in our experiment.  
Finally, the emission spectra data for 823 nm wavelength at 800 Torr, 4.5% Ar-Xe plasma 
discharge in microchannel, were taken at voltages from 650 V to 780 V with an interval of 10 V 
as shown in Figure 2.14. From 650 V to 700 V, the intensity increased linearly. From 650 V to 
730 V, the intensity increased exponentially, and after 730 V the rate of increase was lower. The 
exponential increase of the intensity indicates the possible existence of the amplified 
spontaneous emission (ASE). Once the gain of the plasma medium is higher than the loss in the 
microchannel, the emission intensity should increase exponentially as indicated by various 
studies of ASE. However, one could also argue that the increase was due to the nonlinear effect 
of plasma discharge. So more evidence is still needed to prove the existence of ASE.  
The comparison of the intensity of 823 nm and 828 nm wavelengths with voltage ranging from 
660 V to 780 V is shown in Figure 2.15. The ratio of the intensity of 823 nm wavelength to the 
intensity of 828 nm wavelength increases with voltage. The result indicates that more power 
was dumped into the Xe2 dimer when the voltage increased, which is good for our experiment. 
Figure 2.16 shows the spectra of Ar-Xe discharge at 690 V and 780 V and the ratio of the two 
wavelengths changes from 1.59:1 to 3.71:1. 
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Figure 2.8 The beam profile of the Ar-Xe plasma in microchannel device: (a) End-on view of the 
beam profile for the whole device, (b) enlarged picture of the left four beams, (c) 3D intensity 
graph of the beam profile showing Gaussian distribution.  
(a) 
(b)
) 
(c) 
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Figure 2.9 Time-differential images of the end-on view of the device. (a) Time-differential images of the five consecutive 
microchannels during one discharge. (b) The timeline of the discharge where 0 ns indicates the start of voltage rising edge. The blue 
region on the timeline indicates the duration of plasma discharge.   
(a) 
(b) 
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Figure 2.10 Enlarged images of the microchannel second from left in the top image in Figure 2.9.  
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Figure 2.11 The spectrum of Ar-Xe plasma in microchannel with different Xe percentages in 800 Torr gas mixture.  
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Figure 2.12 Enlarged image of the spectrum in Figure 2.11 at 823 nm and 828 nm, the wavelengths of interest.  
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Figure 2.13 Xe intensity of 823 nm and 828 nm wavelength at different Xe percentages at 800 Torr Ar-Xe gas mixture.  
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Figure 2.14 Intensity of 823 nm wavelength at 800 Torr 4.5% Ar-Xe gas mixture at different voltages. 
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Figure 2.15 Comparison of the intensity of 823 nm and 828 nm wavelengths of Ar-Xe plasma at different voltages. 
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Figure 2.16 Comparison of the spectra of Ar-Xe plasmas at 690 V and 780 V.
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2.4 Conclusion 
In the Ar-Xe plasma laser project, we developed a microchannel device to enable on-chip 
microplasma discharge which was taken as the gain medium of an Ar-Xe 823 nm laser. The 
successful fabrication of the device has been demonstrated. The fabrication process is proven 
to be highly feasible and adaptive to different dimension requirements. The gas discharge 
within the channel was stable, which is good for our application. Electrical and optical 
measurements were taken. The emission beam showed a Gaussian profile and good 
consistency of the emission intensity over different channels. The 800 Torr Ar-Xe mixtures with 
different Xe percentage were tested and we found 4.5% to 6% Xe delivered the “sweet spot” 
for our experiment. Emission in the 823 nm wavelength was measured at different applied 
voltages from 650 V to 780 V and an exponential increase in intensity was shown, indicating the 
possible existence of ASE.  
So far, we have been focused on device fabrication and the preliminary optical properties of 
our device. Our intensity vs. voltage measurement shows promising, exponential increase 
similar to ASE, but more data should be gathered to eliminate the possible influence of the non-
linear nature of plasma, input power limitation, and various other factors. During the 
development, we should also transfer our focus from the device fabrication to the spectroscopy 
of Ar-Xe rare gas plasma. We need to figure out how to selectively excite the  Xe2 dimer as it is 
closely related to the 823 nm wavelength. Tuning different factors to achieve high laser gain 
factor in 823 nm wavelength should be the focus of our next step. 
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3. Microplasma Propagation Project 
3.1 Introduction 
Over the past twenty years, microplasma has become a new and attractive field as it combines 
electronics and photonics on microscale. Microplasma has been studied for its behavior, under 
different circumstances like high electron density (around 1016 cm-3), high power loading up to 
several hundreds of kW/cm-3, and wide-range operation window of rare gases and pressures 
[11-13]. A pioneering effort initiated by the Laboratory for Optical Physics and Engineering 
(LOPE), microdischarge devices inverted and sustained within square pyramidal Si cathodes are 
reported [14]. Electrical characteristics and time-dependent emission profiles are investigated 
by both calculations and experiments [15-18].  
Figure 3.1 shows the temporal evolution of microplasma propagation proposed by Wollny et al. 
[18]. It shows that the wave-like optical emission of microplasma propagation can be explained 
by sequential contributions of a drift of electrons followed by drift of ions between cavities 
seeded by photoemission of electrons by the plasma in adjacent cavities [18]. The calculated 
propagation speed was 5 km/s which aligns well with their observation. 
However, the microplasma propagation speed measured in our lab reached 70 km/s, much 
higher than the speed reported in the literature. So a SU-8 based microchannel-cavity device is 
proposed to study the propagation mechanism in our experiment. The device array has been 
operated in Ar gas driven by a 20 kHz and 200 ns rising-time bipolar pulse waveform. It has  
been found that by connecting microcavities with microchannels in between, different 
discharge modes can be obtained by changing the voltage of the waveform at 200 Torr Ar. 
Simple electrostatic simulation for the microcavity was conducted to explain the mechanism of 
this interesting phenomenon. Propagation characteristics in the device array at different 
discharge modes were researched, and the ionization propagation speed at cavity discharge 
modes and channel discharge modes reached ~48 km/s and 35 km/s, respectively. In addition, 
the discharge properties like peak intensity, ignition time and propagation speed at positive 
half-cycle and negative half-cycle of the waveform were compared. 
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Figure 3.1 Temporal evolution of the electron density distribution in units of cm−3 on 
logarithmic scale. (a)-(f) show the ignition of the three cavities starting at 25 ns in time steps of 
∆t = 5 ns. The cavity has width and separation distance of 50 µm, and the depth is 45 µm. The 
simulation is performed for Ar at atmospheric pressure; a driving DC voltage of −500 V is 
applied to the embedded Ni-grid. [18]  
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3.2 Microchannel-cavity Device 
Figure 3.2(a) illustrates the schematic of microchannel-cavity devices with a dielectric barrier 
discharge (DBD) design. The fabrication process is shown in Figure 3.3. A 500 nm thick thermal 
barrier SiO2 (BOX) was grown on the p-type silicon substrate to serve as the isolating layer, and 
200 nm Ti/Au/Ti electrodes were patterned onto the BOX layer. The electrodes were patterned 
by EVG 620 aligner with AZ5214E (Micro and Nanotechnology Lab, UIUC). This was immediately 
followed by another deposition of 200 nm PECVD SiO2 on top of the Au electrode (3 nm Ti as 
adhesion layer), in order to protect the bottom electrode from ion/radical bombarding. From 
this point, surface cleanliness and chemical treatment process are of great importance for the 
following steps; the SU-8 polymeric layer was patterned in alignment with the bottom 
electrodes to complete the desired features in 3D. The device array consisted of 14×14 500 μm 
squared microcavities, connected by 500 μm long, 100 μm wide microchannels in one direction. 
ITO glass was sealed on the top of the device to serve as a counterelectrode. 
Figure 3.2(b) and (c) illustrate the SEM images of the SU-8 wall. The wall thickness was 
measured to be 95 µm, which is close to what we designed. The fabrication error was caused by 
the difficulties of handling SU-8. Temperature effect and substrate surface roughness were the 
two parameters little known to us during the fabrication process, but they influenced the 
consistency of the SU-8 wall thickness. Although the thickness has an error of 5%, Figure 3.2(c) 
shows the microchannel was defined correctly, which means our device was fabricated as we 
designed it. 
The microchannel-cavity device was tested with Ne at 200 Torr, 600 V bipolar pulse voltage and 
the image of the front view is shown in Figure 3.4. Plasma discharge first occurred at the 
common electrode area and then propagated into the channels. Also, plasma was generated 
outside the channel area; we believe this was caused by the p-type silicon wafer which served 
as an electrode because of the leakage current from the Au electrode to the wafer.  
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Figure 3.2 Schematic and SEM images of microchannel-cavity device. 
33 
 
 
 
 
Figure 3.3 Fabrication process flow. 
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Figure 3.4 Microchannel-cavity device operated in 200 Torr Ne, 600 V bipolar pulse voltage.
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3.3 Electrical Characteristics 
To increase the electron temperature within a short time, a pulse waveform with high voltage 
and short rising time is desired. A 20 kHz bipolar pulse waveform circuit with amplitude up to 
1200 V is applied in this experiment. The bipolar pulse waveform had a 200 ns rising time with 
the duty cycle varying from 10% to 50%, while the rest of the waveform brought the 
microplasma back to ground state. The microchannel-cavity device was operated in a vacuum 
system in order to meet the expected pressure. The entire vacuum system was pumped down 
to 10-7 Torr in order to eliminate molecular impurities. For the time-dependent measurement, 
an ICCD camera (PI-MAX 3, by Princeton Instruments) was focused on the top of the device.  
The voltage-current (V-I) characteristics in Ar at pressures of 100 Torr, 400 Torr, 760 Torr, and 
vacuum were measured and are presented in Figure 3.5. The current values were obtained 
from the Pearson current probe cascaded to ground. All the measurements were driven by the 
20 kHz bipolar pulse voltage waveforms. The peak current of the pulse trigger discharge was 
around 120 mA including displacement current and discharge current, and average power 
consumed by the device was around 6 W. The breakdown voltage increases as the pressure 
increases. The breakdown voltages were 500 V, 800 V, and 920 V at the pressure of 100 Torr, 40 
Torr, and 760 Torr. The vacuum condition was used to test the displacement current, which 
increases linearly with the applied voltage. The plasma discharge was stable and consistent.     
3.4 Optical Characteristics 
The false-color time integrated image of the plasma discharge on the microchannel-cavity 
device, driven by 900 V bipolar pulse waveform in 500 Torr Ar, is shown in Figure 3.6(a). The 
bright spot denoting the plasma discharge area was confined within the microcavity.  No 
discharge was observed in the channel where the blue color is the same as in the background. 
The relative intensity of the plasma discharge in each microcavity cell is analyzed through the 
3D false-color ICCD image in Figure 3.6(b) where plasma intensity is denoted by a false-color 
bar in the z direction. By calculating the normalized emission profiles of each row and each  
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Figure 3.5 Voltage-current (V-I) analysis of the microchannel-cavity device. 
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column, we found the plasma intensity variation among each cavity is within 10% of average 
intensity. Uniform emission profile is observed over the entire array. 
            Phase-resolved optical emission spectroscopy measurements were taken to investigate 
the time-dependent microplasma propagation over the bipolar voltage cycle in the device. 
Figure 3.7(a)-(d) are four magnified false-color images for 9 adjacent microcavities, depicting 
different plasma discharge modes at the corresponding voltages in the positive half-cycle of the 
waveform where the bottom gold film served as anode and the top ITO film was grounded as 
cathode. The microchannel-cavity device was filled up with Ar at 200 Torr. Figure 3.7(a) shows 
the discharge mode confined in the microcavity at 800 V positive half-cycle. With the voltage 
increased to 900 V, the discharge location moved to the edges of the microcavity, forming a 
hollow discharge mode shown in Figure 3.7(b). As the voltage increased further to 1000 V, 
plasma discharge shifted from cavities to channels. Figure 3.7(c) shows that the mode intensity 
in the channel grows rapidly and becomes comparable to the intensity in the cavity area. At 
1100 V, the discharge only occurred in the channel area and the mode is shown in Fig. 3.7(d). 
An electrostatic simulation model of the 2-D cross-section of the device cell at a fixed voltage 
was created to explain the change of plasma discharge locations at different voltages. The top 
part of Figure 3.8 is the overview of the simulation result of the entire cell, and the magnified 
simulation results of specified areas marked with dotted rectangular frames are shown in the 
bottom parts of Figure 3.8(A), (B) and (C), which represent the SU-8 edge area, bulk cavity area 
and Au electrode area, respectively. Since the ITO electrode served as cathode at the positive 
half-cycle of the pulse waveform, the electric field at the ITO side was analyzed. Supposing the 
gas in nature gap, SU-8 and the gas in the cavity area are modelled as capacitors Cgg, Csu8 and 
Cgc, respectively. The nature gap is estimated as 4 µm, and the cavity height is 100 µm. The 
voltage applied to the device is V(t), and the voltage dropped on the dielectric ITO glass is Vcd(t). 
The device cell can be modelled as the parallel connection of capacitors Cgc and cascade 
capacitors Cgg and Csu8, which are represented in Figure 3.8(a) and (b). The capacitance can be 
written as 
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A
C
d

                                                                        (1) 
where ε is the permittivity constant, A is electrode area and d is electrode distance. The natural 
gap area permittivity εgg is 1 and the electrode distance dgg is 4 µm. For the SU-8 wall, εsu8 is 3 
and the electrode distance dsu-8 is 96 µm. The electrode areas for natural gap area and SU-8 wall 
are the same. The capacitance of Cgg and Csu8 can be obtained by 1 and the ratio of Cgg over Csu8 
was 8. Therefore, the potential dropped on Cgg is 8 times that dropped on Csu8. In this case, the 
electric field generated at the natural gap can be obtained by Gauss’s Law which is 3(V(t)-
Vcd(t))/108 V/µm. The electric field generated at the cavity area is (V(t)-Vcd(t))/100 V/µm. 
Therefore, the electric field at the natural gap is ~2.7 times that generated at the cavity area, 
and this analysis result agrees with the simulation result, in which the electric fields at the 
natural gap and cavity area are 0.38×102 V/µm and 0.17×102 V/µm, respectively. Because the 
small dimension of the nature gap rendered a high breakthrough voltage due to the Paschen 
curve, discharge hardly occurred in the nature gap. However, the edge area of the SU-8 wall 
had the benefits of both high electric field and low breakthrough voltage. 
At low voltage of 800 V, which is a little higher than the ignition voltage of the microcavity at 
750 V, discharge is dominated by the electron distribution on the electrode panel, which fits a 
Gaussian distribution, and discharge mainly occurs at the center of the cavity. The discharge 
principle is discussed by Schwartz et al. [9]. With increase of applied voltage, the electrical field 
at the gap edge area intensifies much more than that in the cavity area. Nonhomogeneous 
electric field distribution in the device cell had more effect on the discharge property. In this 
case, the discharge beam profile no longer fits a Gaussian distribution, and ionization more 
easily occurred at high electric field area, which is around the cavity edge. With enough 
electrons generated, electron avalanche was triggered at the near-edge area in the cavity 
because of the low breakthrough voltage, and plasma discharge. As the voltage was further 
increased, discharge at the near-gap area became dominant and most of the discharge power 
shifted from the cavity center to the cavity edge, as we observe in Figure 3.7(b). When the 
voltage was increased to 1000 V, which is around the ignition voltage in the channel area, both 
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channel edge area and cavity edge area would be ignited. However, since channel edges were 
much closer to each other than cavity edges, more electrons were generated from ionization at 
the channel edge. And more discharge energy would be dumped into the channel instead of the 
cavity. Therefore, the ionization rate in the channel increased significantly while it decreased in 
the cavity at higher applied voltage. At 1100 V, discharge only occurred in the channel and it 
can hardly be observed in cavity area, as seen in Figure 3.7(c) and (d). While discharge 
happened either in cavity or channel, we do believe the charge distribution in the electrode 
panel was inhomogeneous and varied corresponding to the plasma generation area. 
Propagation in channel-cavity arrays was also captured by ICCD at specific times (△t) during the 
first 1 µs of the positive half-cycle of the voltage waveform V(t). △t =0 was defined as the zero-
crossing preceding the positive half-cycle of V(t) and, for a fixed value of △t, the false color 
image of each frame is the result of averaging over 10000 cycles of the voltage waveform. 
Figure 3.9 (a) and (b) show time-resolved propagation images in 200 Torr Ar at 800 V and 1000 
V, respectively. In both cases, the ionization wave started from the upper right corner where 
the initial discharge occurs at the conjunction of the gas tube and silicon substrate, and then 
propagated to the left of the device and vanished after ~200 ns. The propagation speed in the 
diagonal direction was calculated to be ~48 km/s in the 800 V cavity discharge case and ~35 
km/s in the 1000 V channel discharge case. Lower emission intensity was observed in the 1000 
V case. The probable reason for low beam intensity and propagation speed in channel mode 
discharge at this specific pressure (200 Torr) is that the electrons from ionization could be much 
more easily consumed by the surfaces of the SU-8 wall and dielectric compared with the cavity 
area. The propagation mechanism in microcavities or microchannels is discussed in Waskoening 
et al. [19] and Cho et al. [20].  
The discharge characteristic at the negative half-cycle of the waveform was also measured and 
analyzed. Rather than changing discharge modes as voltage increased in the positive half-cycle, 
discharge modes barely varied in the negative half-cycle, and always fit a Gaussian distribution. 
In order to compare the similar discharge mode characteristics, the 830 V bipolar pulse 
waveform shown in Figure 3.10 was applied to the device at 200 Torr Ar. In this circumstance, 
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discharge modes in the whole period of the waveform were kept almost the same. Time-
resolved images at specific times (△t) during the first 1 µs of positive half-cycle and negative 
half-cycle of the voltage waveform V(t) were recorded by ICCD. △t =0 was defined as the zero-
crossing preceding the positive half-cycle and negative half-cycle of V(t) and, for a fixed value of 
△t, the false color image of each frame is the result of averaging over 5000 cycles of the voltage 
waveform. Three cavities in a row were exacted and magnified from the center of the device 
array so as to obtain the clear discharge performance, and the discharge results at different 
half-cycles are presented in Figure 3.11(a) and (b).  
Comparing Figure 3.11(a) and (b), differences of peak intensity, ignition time and propagation 
speed in microcavities at different half-cycles of the waveform are observed. The peak intensity 
of the microcavity discharge at the negative half-cycle is 23% higher than that at the positive 
half-cycle, and the right cell took 260 ns from the zero-crossing point of the waveform to reach 
peak intensity at the negative half-cycle, which is 80 ns faster than what happened at the 
positive half-cycle. In addition, by tracking the location of the peak intensity area during 
propagation, the diagonal propagation speed was calculated to be ~40 km/s in the positive half-
cycle and ~110 km/s in the negative half-cycle; both propagation speeds are higher than the 
highest speed of 20 km/s reported by Cho and his colleagues at the University of Illinois on an 
Al-based device driven by 20 kHz sinusoidal waveform [20]. 
The differences can be explained by the critical role of the cathode dielectric layer during the 
plasma discharge [21]. Initially, ions created by electron avalanche accelerate towards the 
cathode dielectric layer, driven by the electrical field, and the bombardment of the cathode 
layer causes secondary emission of electrons, which induces further ionization at the cathode 
area. Then, since ions move slower than electrons, the space charges near the cathode create 
cathode fall, which induces glow discharge. Figure 3.8 shows the simulated electrical field 
intensity on the top and bottom electrodes. In the positive half-cycle, the top electrode (ITO) 
serves as cathode and the high localized electrical field at the natural gap area is the strongest, 
which explains the discharge modes in the positive half-cycle, as discussed in the previous 
section. In the negative half-cycle, the bottom Au electrode served as cathode and the electric 
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field simulation result is shown in Figure 3.8(c). The localized field intensity is steady over the 
whole Au electrode, which results in a natural Gaussian emission profile. Compared with the 
electrical field intensity around the ITO glass side, the electrical field intensity on the bottom 
electrode is much stronger at ~1.15×102 V/µm, leading to a stronger ionization rate and higher 
electron density. According to electron diffusion theory, higher electron density leads to higher 
electron diffusion flux, which results in a higher propagation speed in the negative half-cycle.  
3.5 Conclusion 
In this project, we designed and fabricated microchannel-cavity devices to study the 
propagation characteristics of DBD microplasma in a microchannel-cavity structure. Our ICCD 
images showed that stable and uniform plasma discharge was achieved on our SU-8 based 
device. By taking time-resolved images of the microplasma propagation over the microchannel-
cavity device, we found two interesting phenomena. The propagation speed in the positive half-
cycle of the bipolar pulse voltage was ~27.5 km/s, which is much slower than the propagation 
speed in the negative half-cycle voltage. This phenomenon can be explained by the different 
electric field intensity at the cathode during the two half-cycles. In the negative half-cycle, 
because of the device structure, the electrical field at the Au cathode is much stronger than the 
electric field at the top ITO glass cathode. The high electric field intensity results in high 
electron density and thus creates higher electron drift current, leading to higher propagation 
speed. The second interesting observation was the sequence of plasma discharge in the cavity 
area, channel area and cavity corner area. By varying gas pressure and discharge voltage, we 
observed that the discharge in these three areas changed. Our electric field simulation shows 
that the natural gap between the ITO top electrode and SU-8 wall plays a crucial role in this 
phenomenon. The gap results in high electric field near the top edge of the SU-8 wall, but the 
electrical field intensity is higher at the Au electrode, yet lower at the top electrode. The 
difference in the electric field intensity in different areas of the device accounts for different 
microplasma discharge timings. This investigation could potentially lead to the ultimate control 
of microplasma propagation. 
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Figure 3.6 Top view false-color ICCD image of microchannel-cavity device in 500 Torr Ar at 750 V: (a) top-view image of the device in 
operation, (b) 3D intensity plot of the image 
  
(a) (b) 
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Figure 3.7 Magnified false-color emission profile images for 9 adjacent cavity-channel units in 200 Torr Ar at (a) 800 V, (b) 900 V, (c) 
1000 V, and (d) 1100 V.  
  
(a) 
(c) 
(b) 
(d) 
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Figure 3.8 The simulated cavity structure was bounded by 200 nm Au and 500 nm SiNx film on the bottom, two 100 µm SU-8 walls 
on the two sides and 100 µm ITO glass on the top with 5 µm natural gap with the walls. (A) Electric field at SU-8 edge area, (B) 
uniform electric field on ITO top electrode, (C) electric field on Au bottom electrode. 
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         (a) propagation in micro cavities at 800 V                                     (b) propagation in micro channels at 1000 V 
Figure 3.9 Positive half-cycle time-resolved false-color images for the microchannel-cavity device in 200 Torr Ar at (a) 800 V, (b) 1000 
V. In the upper left, labels indicate the time of the image. 
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Figure 3.10 The bipolar pulse waveform at 830 V. 
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              (a) ionization wave propagation at positive half-cycle                            (b) ionization wave propagation at negative half-cycle 
Figure 3.11 Bipolar pulse waveform and propagation results for 3 adjacent microchannel-cavity units in positive half-cycle and 
negative half-cycle. 
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